ablation disrupts multisensory development in superior colliculus. . The ability of cat superior colliculus (SC) neurons to synthesize information from different senses depends on influences from two areas of the cortex: the anterior ectosylvian sulcus (AES) and the rostral lateral suprasylvian sulcus (rLS). Reversibly deactivating the inputs to the SC from either of these areas in normal adults severely compromises this ability and the SC-mediated behaviors that depend on it. In this study, we found that removal of these areas in neonatal animals precluded the normal development of multisensory SC processes. At maturity there was a substantial decrease in the incidence of multisensory neurons, and those multisensory neurons that did develop were highly abnormal. Their cross-modal receptive field register was severely compromised, as was their ability to integrate cross-modal stimuli. Apparently, despite the impressive plasticity of the neonatal brain, it cannot compensate for the early loss of these cortices. Surprisingly, however, neonatal removal of either AES or rLS had comparatively minor consequences on these properties. At maturity multisensory SC neurons were quite common: they developed the characteristic spatial register among their unisensory receptive fields and exhibited normal adult-like multisensory integration. These observations suggest that during early ontogeny, when the multisensory properties of SC neurons are being crafted, AES and rLS may have the ability to compensate for the loss of one another's cortico-collicular influences so that normal multisensory processes can develop in the SC.
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I N T R O D U C T I O N
A remarkable property of superior colliculus (SC) neurons is their ability to integrate information from different senses to guide overt orientation behaviors. When cross-modal sensory stimuli originate from the same event, they fall within the overlapping receptive fields of a given multisensory neuron and result in multisensory enhancement: a response that is greater than that evoked by the individual component stimuli. On the other hand, when these stimuli originate from different events, such that one falls within and the other outside its respective receptive field, the eccentric stimulus can degrade the effectiveness of the within-field stimulus, thereby producing multisensory depression (Jiang and Stein 2003b; Kadunce et al. 1997; Stein 1983, 1996) . Multisensory integration can thus be seen as a mechanism for modulating the physiological salience of external events, and the same conditions that enhance or depress the response of SC neurons will enhance or depress SC-mediated behaviors (Stein et al. , 1989 .
Most important in the current context is that SC multisensory integration is under the control of two cortical areas: the anterior ectosylvian (AES) and rostral lateral suprasylvian (rLS) sulci (see Stein et al. 2004 ). These interconnected areas (Scannell et al. 1995 ; see also Norita et al. 1986 ) contain visual, auditory, and somatosensory neurons (Benedek et al. 1983; Stein 1982, 1983; Jiang et al. 1994a,b; Mucke et al. 1982; Olson and Graybiel 1987; Thompson et al. 1963; Toldi and Feher 1984; Wallace et al. 1993 ) that project to the SC (Huerta and Harting 1984; McHaffie et al. 1988; Segal and Beckstead 1984; Stein et al. 1983 ) and can affect its neuronal properties (Clemo and Stein 1984 Stein , 1986 Meredith and Clemo 1989) . The unisensory AES corticocollicular convergence patterns match those received by SC neurons from other sources (Wallace et al. 1993 ), a pattern likely to be paralleled by projections from rLS (Jiang et al. 2001) .
The importance of influences from these cortical areas is most apparent on multisensory enhancement, the most robust index of multisensory integration. When cortical influences are temporarily compromised, the different modality-specific stimuli still elicit responses in multisensory SC neurons, but their combination is now no more effective than is the best of these component stimuli presented alone (Jiang et al. 2001; Wallace and Stein 1994) , an effect that is also reflected at the behavioral level (Jiang et al. 2002; Wilkinson et al. 1996) . Similar, although less severe, effects are observed on multisensory depression (Jiang and Stein 2003b; Jiang et al. 2002) .
This role of cortex in multisensory integration is not yet established at birth, and the multisensory properties of SC neurons, and the cortico-collicular influences of cortex, develop gradually over the first few postnatal months (Stein et al. 1973; Stein 1997, 2000; during the period of maximal brain plasticity (Buonomano and Merzenich 1998; Rauschecker 1999; Wickelgren and Sterling 1969) . In these experiments, we sought to determine whether the brain could compensate for the loss of AES and/or rLS during this maturational period and construct alternate circuits capable of supporting SC multisensory integration. Preliminary descriptions of these experiments have been presented (Jiang et al. 2003a) .
M E T H O D S
All survival surgery was conducted using aseptic techniques and in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication 86 -23) and an approved ACUC protocol at Wake Forest University School of Medicine.
Neonatal cortical ablation
All cortical ablations were conducted when animals were 3 wk postnatal. This is just before visual stimuli begin to activate deep (i.e., multisensory) laminae SC neurons, and ϳ1 wk before the time at which cortical inputs from AES and rLS are first able to facilitate multisensory integration in some SC neurons (Kao et al. 1994; Stein et al. 1973; Wallace and Stein 2000; . Animals were anesthetized with ketamine hydrochloride (15-30 mg/kg, im, and acepromazine 0.05-0.1 mg/kg, im) followed by inhalation of isoflurane (0.2-3%). A skin incision was made, followed by a unilateral craniectomy that exposed AES and rLS. Both sulci are clearly evident at this time, and the tissue forming either one or both of them was removed through subpial aspiration until the underlying white matter was visible. The surgical area was covered with saline-soaked gelfoam, the bone segments were replaced, and the area was covered with gelfoam. The skin was sutured closed. The animals were given postsurgical analgesics (butorphanol tartrate, 0.1-0.4 mg/kg/6 h) as needed and received antibiotic treatments for 7-10 days (ceftriaxone 20 mg/kg, 2 times per day, or enrofloxacin 5 mg/kg, 2 times per day).
Cortical deactivation coil implantation
Two animals that had neonatal ablation of AES and rLS were implanted as adults with cortical deactivation coils over the ablated areas. The coils were used during recording experiments to examine whether those SC neurons developing multisensory integration capabilities reflected residual inputs from AES-rLS tissue that was inadvertently spared during the ablation procedure. Each animal was pretreated with ketamine hydrochloride (20 -30 mg/kg, im) and acepromazine maleate (0.05-0.1 mg/kg, im), intubated through the mouth, and anesthetized with isoflurane (1-3%). Body temperature (37-38°C) was maintained with a hot water heating pad. The animal was placed into a stereotaxic head-holder, and craniectomies exposed the cortex overlying both the left and right SC. The dura over the presumptive AES-rLS area was opened, and a cortical deactivation (i.e., "cooling") coil was inserted. The coil was ϳ11 ϫ 5 mm and crafted from 21-gauge stainless steel tube. It formed a "foot" that rested on the surface of the damaged cortex (see Jiang et al. 2001 for a description of the coils). The area was covered with gelfoam and sealed with orthopedic cement. A hollow cylinder was attached to the skull to provide access to the SC and an atraumatic means of holding the animal's head during recording (McHaffie and Stein 1983 ). This cylinder, or head holder device, was also implanted in all other animals (both controls and experimental animals) before recording began. After implantation surgery the animal was given analgesics (butorphanol tartrate, 0.1-0.4 mg/kg/6 h) as needed and received antibiotic treatments for 7-10 days (ceftriaxone 20 mg/kg, 2 times per day, or enrofloxacin 5 mg/kg, 2 times per day).
Recording
After surgical wounds had healed, an animal was prepared for recording with ketamine hydrochloride (an initial dose of 20 -30 mg/kg, im, and maintained at 2-5 mg/kg/h, iv) and acepromazine (0.05-0.1 mg/kg, im). No wounds or pressure points were induced during recording, and the animal's head was held with horizontal bars that could be inserted into openings in the metal head holder implanted on the skull. Anesthetic level was determined by continuously monitoring heart rate and blood oxygenation by pulse oximetry (Nonin 8600C). Fluids (5% dextrose Ringer 3-6 ml/h, iv) were infused, and the animal was artificially respired and paralyzed (pancuronium bromide, initial dose: 0.3 mg/kg and then 0.1-0.2 mg/kg/h, iv). End tidal CO 2 was maintained at ϳ4.0% and body temperature at ϳ38°C. The eye contralateral to the SC being studied was dilated with 1% atropine sulfate, and a contact lens corrected its refractive errors. An opaque lens occluded the other eye. Single neurons were recorded using epoxylite-insulated tungsten microelectrodes (tip diameter 1-3 m, impedance 1-3 M⍀ at 1 kHz). The electrode was positioned through an X-Y translational stage and lowered to the dorsal surface of the SC (identified by characteristic visual activity). Once at the SC surface, the electrode was advanced through a hydraulic microdrive while sensory search stimuli were presented. Only neurons that were clearly isolated from background activity with stable amplitudes and waveforms were studied. At the end of each recording session, drugs were discontinued and, when stable respiration and coordinated locomotion returned, the animal was returned to its home cage. All experimental animals were adults of similar ages (between 1 and 1.5 yr of age) at the time of implantation surgery and the onset of their recording periods, which could last up to 1 yr.
Receptive field mapping
Sensory-responsive neurons were sought using a variety of visual, auditory, and somatosensory search stimuli. Visual search stimuli consisted of moving and stationary flashed visual stimuli. Auditory search stimuli consisted of 20-to 20,000-Hz noise bursts as well as hisses, clicks, claps, and whistles. Somatosensory search stimuli consisted of taps, brushes, and manual manipulation of deep tissue and movement of joints. When a sensory-responsive multisensory neuron was located, its receptive fields were mapped. Visual receptive fields were mapped with moving bars and spots of light, and auditory receptive fields were mapped using broad-band noise bursts through any of 16 hoop-mounted speakers placed 15°apart and 15 cm from the head on a rotating hoop so that elevation could be examined (see Meredith and Stein 1986a,b) . Somatosensory receptive fields were mapped with camel's hair brushes and von Frey hairs. Receptive fields were plotted on standardized representations of visual-auditory space and diagrams of the body surface (see Stein and Meredith 1993) . Receptive fields encompassed areas of activity that significantly exceeded background spontaneous rates. For most neurons, however, either no background rates were detected or these rates were extremely low, thereby having little effect on the ability to accurately delimit receptive field borders.
Calculating cross-modal receptive field register
The spatial register between the visual and auditory receptive fields of a given neuron was calculated using a geometric convention in which an X-Y coordinate system was constructed using the visual receptive field center as the center of that system. The two receptive fields were assumed to be circular, using an average value of their actual vertical and horizontal radii (the population averages showed that this "correction" did not alter receptive field areas). A line was drawn to measure the center-to-center angular distance (labeled a in Fig. 1 ) between the visual and auditory receptive fields, and the formula for assessing the percentage of receptive field overlap based on these measures is shown in Fig. 1 . The resultant receptive field overlap was expressed as the percentage of the neuron's visual receptive field overlapped by its auditory receptive field.
General testing paradigm
The onset, duration, physical parameters, cross-modal stimulus onset asynchronies, and intertrial intervals were controlled independently. Visual stimuli consisted of computer-controlled moving bars of light generated by a Barcodata projector. Bars and spots of light (0.11-13.0 cd/m 2 against a background of 0.10 cd/m 2 ) were projected onto the tangent screen and could be moved in all directions across the receptive field at amplitudes of 1-110°and speeds of 1-400°/s. Auditory stimuli were computer-controlled broad-band noise bursts delivered from any of the speakers. Auditory stimulus duration varied from 20 to 100 ms at intensities of 55-70 dB SPL against a background SPL of 51.4 -52.0 dB. Thus the effective auditory stimuli were the differences between background and stimulus level. Somatosensory stimuli consisted of indentation of the hair and skin with a computer-controlled probe, whose tip was of variable size and attached to a moving coil vibrator (Ling 102A shaker).
A neuron's multisensory integrative properties were first explored with spatially aligned visual-auditory stimuli (to test for multisensory enhancement). Responses to each modality-specific stimulus (e.g., visual, auditory) and to their cross-modal combination (visual-auditory) were determined quantitatively by presenting each category of stimulus (interleaved) 8 -10 times at 8-to 20-s intertrial intervals. Stimulus effectiveness was manipulated by altering visual and/or auditory stimulus intensity in proportionate steps through the intensity ranges indicated above. Each unisensory and multisensory test was repeated at each level of stimulus effectiveness. The various levels of effectiveness are ordinal and are shown for each neuron documented in RESULTS by numbers (e.g., 1-4). The objective here was not to fully explore the dynamic ranges of these neurons but to ensure that any lesion-induced changes that were noted at a given level of stimulus effectiveness were not specific to a given response level. In multisensory trials, the two cross-modal stimuli were either simultaneous or within 20 -200 ms of one another. The stimulus parameters, including stimulus intensities and cross-modal stimulus onset asynchronies, were chosen to maximize the amplitude of multisensory enhancement (e.g., see Jiang et al. 2001; Kadunce et al. 2001; Perrault et al. 2005; Stanford et al. 2005) . To examine multisensory depression, the visual stimulus was presented in the center of the visual receptive field and the auditory stimulus was presented outside the auditory receptive field (either centrally or peripherally). The interstimulus interval and the parameters (e.g., intensity, size, position, motion direction, and speed) of each modality-specific stimulus were chosen based on previous studies (Kadunce et al. 1997; Meredith and Stein 1996) to maximize multisensory depression.
Cortical deactivation
The deactivation of cortex was accomplished by circulating refrigerated water through the indwelling coil. The reactivation of cortex was accomplished either passively or by subsequently circulating warm (36 -38°C) water through the same coil. During deactivation, the cortical temperature around the coil decreased to ϳ10°C in 2-3 min, and the temperature stabilized at that level. At temperatures Ͻ17-19°C, neurons in AES and rLS cease both spontaneous and sensory-evoked discharges (Jiang et al. 2001; see also Horel 1991; Lomber et al. 1999 ). The effective decrease in cortical temperature was circumscribed to an area of about a 2-mm radius around each coil. This was previously determined by sampling and recording the cortical temperature with a thermistor inserted into the cortex at points within a grid pattern around the deactivation coil. Beyond the 2-mm point, the decrement in cortical temperature did not preclude neural activity (i.e., at 3 mm from the coil, cortical temperature remained Ͼ24°C during this time period; see Jiang et al. 2001 ). Both the cortical temperature and the responsiveness of cortical neurons were reinstated several minutes after the onset of warm water circulation.
Histology
When all testing was concluded, the animal was deeply anesthetized with pentobarbital sodium (100 mg/kg, iv) and perfused transcardially with formalin (10%). The brain was removed, photographed, blocked, and cut into 50-m frozen sections. Every fourth section was mounted on a slide and stained with cresyl violet or neutral red. The pattern of sulci and gyri was traced from photographs, and the tissue was examined with low-power and high-power microscopy and reconstructed serially by projecting and tracing scanned sections through the lesion site.
Data acquisition and analysis
For the assessment of multisensory integration, each neuron served as its own control. Each neuron's response (number of impulses) to each modality-specific and cross-modal stimulus combination was measured using the time window that bracketed the longest response train. Although spontaneous rates were low, responses were corrected by subtracting spontaneous activity (i.e., the number of impulses measured in a 1-s interval preceding the 1st stimulus and normalized for the time window in which responses were counted). The timing of onset and offset of a neuron's discharge train was determined by the beginning of the first and the end of the last bin (5 ms) at which the mean number of impulses significantly exceeded the average spontaneous firing (P Ͻ 0.05). The same time window was used to measure responses of a given neuron in each of the different stimulus conditions (i.e., modality-specific, multisensory, control, and cortical deactivation). Statistical analysis was performed with SYSTAT (SPSS). The criterion for multisensory integration was the same under all conditions: a statistically significant (Student's t-test, P Ͻ 0.05) change (either increase, "enhancement" or decrease, "depression") in the response to the cross-modal stimulus combination compared with the dominant unisensory response. In instances in which the statistical criterion for multisensory integration was reached, the magnitude of the multisensory response (% change) was calculated using the formula devised by Meredith and Stein (1983) ͓͑CM Ϫ SM max ͒/SM max ͔ ϫ 100 ϭ % change where CM ϭ the mean number of impulses evoked by the multisensory (visual-auditory) stimulus, and SM max ϭ the mean number of impulses evoked by the "dominant" (i.e., the most effective) modality-specific stimulus.
Multisensory response enhancement was evoked only when the cross-modal stimuli were spatially coincident and within their respective excitatory receptive fields. Multisensory response depression was evoked only when one of those stimuli was within and the other outside its excitatory receptive field. In several cases in which a FIG. 1. Calculating receptive field overlap. This was expressed as the percentage of the visual receptive field encompassed by the auditory receptive field and required solving for A a and A v as shown in the figure. When a Ͼ r v ϩ r a , there is no overlap, and when a Ͻ r a Ϫ r v , there is 100% overlap (a ϭ distance between the centers of the 2 receptive fields). neuron, in an animal with an AES and rLS lesion, exhibited multisensory integration, the cortex at the lesion site was deactivated, and the tests were repeated. The same tests were repeated a third time after the cortex was reactivated. For each neuron, the effect of cortical deactivation on the unisensory responses was determined using a Student's t-test. The difference in the multisensory responses obtained in the control and cortical deactivation conditions was assessed using ANOVA (a possible interaction between the treatment and the unisensory response was incorporated into the analysis).
R E S U L T S
Eleven animals were used in these experiments: five were normal controls; three had both AES and rLS ablated; and three had only one of these areas ablated (i.e., 2 had AES ablated and 1 had rLS ablated). All cortical ablations were made at 3 wk postnatal, and recordings were made from the SC of these animals once they had matured (i.e., 1-2 yr of age).
Normal control animals
A total of 94 electrode penetrations were made in the five normal control animals, and 979 neurons were recorded. Of these, 787 were in the multisensory (i.e., deep) laminae of the SC. All quantitative comparisons were made on neurons in the multisensory laminae. Although the electrode penetrations in these animals were more concentrated in rostral SC where receptive fields are smallest, they did span all quadrants of the SC. The data from these control neurons formed the standard with which to assess the effects of these cortical lesions on SC multisensory properties (see Table 1 for a summary of neuron numbers and modality convergence patterns in each group).
The data obtained from the normal control animals did not differ substantially from those we obtained using similar procedures in previous studies of cat SC (e.g., Jiang et al. 2001; Kadunce et al. 1997; Meredith and Stein 1986a; Stein et al. 1976; Wallace et al. 1998 ; see also Stein 1998) . All sensory-responsive neurons in the superficial layers (stratum opticum and above) were unisensory visual, whereas unisensory nonvisual (i.e., auditory or somatosensory) and multisensory neurons were confined to the deep layers of the structure. Within the multisensory layers, neurons were encountered having each of the possible modality convergence patterns ( Fig. 3 ) previously reported in cat SC (Binns and Salt 1996; Kadunce et al. 1997; Stein 1983, 1986a; Middlebrooks and Knudsen 1984; Peck 1996; Perrault et al. 2003; Populin and Yin 2002; Stein et al. 1976; Wallace et al. 1998) as well as in the SC of other mammals (see Bell et al. 2001; Drager and Hubel 1976; Frens and Van Opstal 1998; King and Palmer 1985; Stein and Dixon 1979; Wallace et al. 1996; Zangenehpour and Chaudhuri 2001; see also Calvert et al. 2001) . Each multisensory neuron had multiple receptive fields, one for each modality to which it was responsive. These different receptive fields were also in good spatial register with one another, a characteristic feature of SC multisensory neurons (see Stein and Meredith 1993) . The mean visual-auditory receptive field overlap was ϳ77%, a figure that corresponds with previous estimates from normal animals (Kadunce et al. 2001; Meredith and Stein 1996) . In addition, the majority of the multisensory neurons exhibited the typical enhanced responses to spatially coincident cross-modal stimuli and depressed responses to spatially disparate cross-modal stimuli ( Table 2) .
Cortical ablations
Figure 2 presents representative surface drawings and crosssection reconstructions of brains from each experimental group. Perhaps because of the large size of the ablated areas and the early maturational stage at which the ablations were made, at maturity, substantial differences from normal were noted in sulcal and gyral patterns that extended well beyond the borders of the lesion. Note the shift of the lateral sulcus and its multiple sulcal offshoots, as well as the rostral shift and forward curvature of the posterior ectosylvian sulcus after AES and rLS ablation. These sulcal patterns did not match those in the intact hemisphere of these animals nor did they typify the normal brain. Configurational changes varied considerably among animals, and in some cases, it appeared as if all the surrounding tissue had migrated and been stretched toward the lesion cavity, distorting the local cortical geometry in the process. In the absence of reliable cytoarchitectonics in rLS and in much of AES, these gross morphological changes made accurate cross-sectional reconstruction of the lesions problematic. Distortions of cortical architecture by the ablations may also have been facilitated by the inclusion of some of the underlying white matter. This occurred to a varying extent in each experimental group and would be expected to have produced functional consequences greater than those associated with the dimensions of the lesions on the cortical surface (see DISCUS-SION) . In light of this, it was surprising to note that the actual changes in the multisensory properties of SC neurons after early lesions that were restricted to AES or rLS were minimal.
Animals with neonatal cortical ablation of AES and rLS
The visual topography of the SC was used as a referent to ensure that the same regions of the SC were sampled in experimental and control groups. Although the rostral SC was most heavily sampled, particular attention was paid to sampling as much of the rostro-caudal extent of the structure as possible, so that neurons with small central (rostral) and large peripheral (caudal) receptive fields would be included. No obvious lesion-induced differences in visual topography were evident in experimental and control animals, and neither the average distance of the visual receptive field center from the midline nor its average size differed among experimental and control groups (control animals: average receptive field center was 12.2 Ϯ 7.7°contralateral, and average receptive field radius was 12.7 Ϯ 3.8°; whereas in animals with AES and rLS lesions, the average receptive field center was 12.0 Ϯ 9.1°c ontralateral and the average radius was 13.0 Ϯ 4.8°). In addition, the lesions did not seem to change the incidence of FIG. 2. Cortical lesion reconstructions. A schematic of the dorsolateral surface of the brain is shown at the bottom left. To the right is shown examples of combined anterior ectosylvian sulcus (AES) and rostral lateral suprasylvian sulcus (rLS) ablations as well as ablations of AES or rLS individually. Note the presence of changes in tissue adjacent to, and distant from, the lesion. Combined AES and rLS ablation produced changes in cortical architecture that were most pronounced in the posterior ectosylvian and coronal sulci. Particularly evident after AES lesions were changes in the lateral sulcus. It developed interruptions along its extent and multiple sulcal offshoots. Lesions of rLS were smallest and produced the fewest changes in cortical architecture. Above these illustrations of the dorsal aspect of the brain are cross-sections from the brains of these animals. Shaded areas on the cross-sections show areas that were not removed during the ablation but were damaged and necrotic. L, lateral sulcus; LS, lateral suprasylvian sulcus; PES, posterior ectosylvian sulcus. sensory-responsive and unresponsive neurons/electrode penetration (see Table 1 ).
Although all modality convergence patterns were evident in the SC of these animals (Fig. 3) , there was some decrement in the incidence of multisensory neurons and a corresponding increase in the incidence of unisensory neurons. Particularly striking, however, was the observation that the spatial register of the different receptive fields of multisensory neurons was disrupted. Significant cross-modal receptive field misalignment is highly atypical of normal animals of any age.
Although receptive field misalignment in animals with these lesions seemed to be present in neurons with all multisensory convergence patterns, it was most readily quantified in visualauditory neurons because their receptive fields are mapped in the same spatial coordinates. Individual examples of normal and atypical cross-modal receptive field alignments are shown in Fig. 4 , and the distribution of neurons with different degrees of receptive field register are shown for each group in Fig. 5 . Note that the modal range of receptive field overlap was 81-100% both in control animals and in animals with ablations of either AES or rLS. In the case of animals with combined AES and rLS ablations, however, the modal range was 0 -20%, a significant decrease in receptive field overlap.
Multisensory integration: enhancement
Of greatest significance in the present context was the substantial change in how the SC neurons of AES-and rLSablated animals responded to cross-modal stimuli. For purposes of comparison, a characteristic example of the responses to such stimuli in a normal animal is shown in Fig. 6 . In this case nearly all the visual receptive field was subsumed within the auditory receptive field. Visual and auditory test stimuli were placed within their respective receptive fields in approximately the same spatial location, and their intensities increased in successive tests. Increasing the intensity of the visual stimulus produced progressively more robust responses, but, in this particular neuron, the auditory response was largely insensitive to changes in stimulus intensity. When the two cross-modal stimuli were coupled, a significantly enhanced multisensory response was evoked. This response was significantly greater than was either unisensory response and was FIG. 3. Modality convergence patterns. Pattern in control animals (A) was significantly (P Ͻ 0.05) altered by each of the neonatal lesions. Most significant in this context was the decrease in the incidence of multisensory neurons, which was greatest after combined lesions of AES and rLS (B) and least after ablation of either 1 of these areas (C and D). Each modality convergence type is indicated by letter(s), and the percentage of the entire neuronal sample is given as well. V, visual; A, auditory; S, somatosensory; No Resp., unresponsive neurons. greater than the predicted sum of the unisensory responses at every intensity level tested. However, the magnitude of the enhancement decreased as the effectiveness of the visual stimulus increased, which is a typical pattern of inverse effectiveness (see Jiang et al. 2001; Meredith and Stein 1986a) . Figure 7 shows an example of a typical visual-auditory neuron from an animal that had AES and rLS ablated as a neonate. Immediately obvious is that, while the visual recep-tive field is central, the auditory receptive field is far peripheral; they do not overlap each other. Despite this abnormality in cross-modal receptive field register, the unisensory responses evoked by the modality-specific visual and auditory stimuli were quite similar to those obtained in the normative example in Fig. 6 : the visual response was strongly graded by stimulus intensity, whereas the auditory response showed far less modulation. Nevertheless, the multisensory response was quite different from that obtained above. Absent was the enhanced response to the cross-modal stimulus combination. Rather, the multisensory response was not substantially different from the visual response at any of the stimulus intensity levels examined and was thus significantly below the predicted sum of the unisensory responses at each of these stimulus intensity levels.
Although the overwhelming majority of SC neurons in animals with combined ablation of AES and rLS responded to cross-modal stimuli much as did the neuron in Fig. 7 , there was a small minority of neurons (32/219, 15%; see Table 2 ) that were capable of multisensory enhancement. These 32 examples included both visual-auditory (n ϭ 20) and visual-somatosensory (n ϭ 12) neurons. One possibility is that this capability developed in these particular neurons independent of cortical influences, but another is that some of the relevant cortical tissue was spared by the lesion and developed the capability to support this SC function. To test the possibility of spared cortical tissue supporting this function, several (n ϭ 3) of these neurons were studied before, during, and after cortical deactivation.
Cortical deactivation was accomplished through a cryogenic probe that had been placed over the AES/rLS lesion FIG. 5. Percentage of visual-auditory receptive field register in SC neurons. A: high degree of receptive field overlap characteristic of normal controls was significantly degraded in animals with combined AES and rLS lesions, but not in animals with single cortical lesions (AES or rLS; vertical bars ϭ SE, *P Ͻ 0.05). This was also evident in the distribution of the incidence of neurons with differing degrees of receptive field overlap. B: in the majority of neurons in normal control animals, visual-auditory receptive field overlap exceeded 81%. C: however, in animals with combined AES and rLS ablation, the majority of neurons showed Ͻ20% overlap. D: animals with either AES or rLS ablated showed no significant changes from normal. site and that, when activated, could lower cortical temperature below that necessary for cortical neurons to function (see METHODS; see also Jiang and Stein 2003b; Jiang et al. 2001 Jiang et al. , 2002 . In two of the three neurons studied, the same results were obtained: responses to the modality-specific stimuli remained, but multisensory enhancement was eliminated. Data obtained from one of these neurons are shown in Fig. 8 . Although this visual-somatosensory neuron did not show the expected degree of cross-modal receptive field alignment (central visual fields are generally coupled with somatosensory receptive fields that include portions of the face or head; see Stein and Meredith 1993) , it did respond to cross-modal stimuli with an enhanced multisensory response. The enhancement was eliminated during cortical deactivation despite the absence of a significant change in either of the unisensory responses. Reactivating (i.e., rewarming) the cortex reinstated multisensory enhancement to its predeactivation level within several minutes. This result FIG. 6. Multisensory enhancement evoked in a normal control SC neuron. A: visual and auditory receptive fields (shaded area) of this neuron and locations of visual and auditory test stimuli (icons labeled V and A). Each of the concentric circles in the schematics of visual and auditory space represents 10°(N, nasal; T, temporal). B: ramp (visual, top row) and square wave (auditory, 2nd row) above rasters and peristimulus time histograms represent, respectively, movement of visual stimulus through the visual receptive field and onset and offset of auditory stimulus within the auditory receptive field. Stimulus intensity was increased in 4 steps (e.g., V 1 -V 4 ), but only the visual response was modulated. Results of tests in which the spatially coincident cross-modal stimulus combination (V 1 A 1 , etc.) was presented are shown in the 3rd row and reveal significantly enhanced responses at all intensities. These responses are plotted in C. Note that the cross-modal stimulus combination produced responses that exceeded the predicted sum of the visual and auditory responses at each of the intensities tested. Vertical lines through the points show SE. D: average magnitude of each enhanced response (*P Ͻ 0.05).
suggests that spared cortex at the lesion site accounted for these multisensory capabilities in these neurons and raises the possibility that it might have accounted for these properties in other neurons as well (see DISCUSSION). It is interesting to note that multisensory enhancement occurred in this neuron (Fig. 8) despite the poor register of its cross-modal receptive fields, something that is generally not seen in normal SC neurons. When the likelihood of crossmodal receptive field register was examined quantitatively among visual-auditory neurons from AES-and rLS-ablated animals (n ϭ 159), it was found that fewer of those having Ͻ40% receptive field overlap (4/65, 6%) showed multisensory enhancement than those having Ͼ40% cross-modal receptive field overlap (16/84, 19%; Fig. 9 ). Apparently, these factors were somewhat interrelated but were not inextricably linked. Thus ablation seems to have affected them in a somewhat independent fashion.
Multisensory integration: depression
There was also a statistically significant decrease in the incidence of neurons exhibiting multisensory depression in these lesioned animals. Nevertheless, there was not a direct parallel between the effects of combined neonatal AES and rLS FIG. 8. Rare cases of SC multisensory enhancement after neonatal AES and rLS lesions may reflect spared cortex at or around the lesion site. This visual-somatosensory SC neuron (receptive fields are depicted in A) showed significant response enhancement to the combination of visual and somatosensory stimuli (B). Combined response was 77% better than the response to the most effective modality-specific stimulus (visual) and equal to the sum of the visual and somatosensory responses as shown in C (control). However, cryogenic deactivation at the lesion site eliminated this enhancement, rendering the multisensory response equal to the visual response. Reactivation of the tissue at the lesion site reinstated the multisensory enhancement. All conventions are the same as in previous figures. ablation on the development of the two indices of multisensory integration. Many neurons did develop the ability to exhibit multisensory depression (see Table 2 ), albeit the magnitude of that depression was usually less than that observed in normal animals, where it is not uncommon to find that even robust within-field excitatory responses can be eliminated by a spatially disparate cross-modal stimulus (Jiang and Stein 2003b ).
An illustrative example of a multisensory neuron in an animal that had AES and rLS removed as a neonate is presented in Fig. 10 . This neuron had a significant disruption of cross-modal receptive field register, although this didn't affect its unisensory responses. Robust and intensity-graded responses were evoked by visual stimuli. These responses were substantially degraded by a spatially disparate auditory stimulus that was outside its receptive field, and the multisensory depression was inversely related to the effectiveness of the visual stimulus, just as in SC neurons of normal control animals. Although the magnitude of the multisensory depression was somewhat less than in control animals, and no examples were noted in which the excitatory response was eliminated, this example shows that the ability of these animals to develop a substantial degree of multisensory depression is independent of the presence of AES and rLS.
Animals with neonatal ablation of AES or rLS
The data in Tables 1 and 2 and Fig. 3 reveal that the sample of neurons obtained in the SC of the animals with lesions restricted to either AES or rLS was, like that in AES-and rLS-ablated animals, similar to the data obtained in control animals. Thus the average receptive field center in the sample was 10.3 Ϯ 7.4°contralateral, and the average radius was 12.8 Ϯ 5.8°. In addition, the lesions did not seem to change the incidence of sensory-responsive and unresponsive neurons/ electrode penetration (see Table 1) .
Surprisingly, however, despite the magnitude of the cortical lesions in these animals (Fig. 2) , and the potent disruptive effects that they would be expected to produce on SC multisensory properties in normal adults (see Jiang et al. 2001; Wallace and Stein 1994) , few functional differences from control animals were noted here. All possible modality convergence patterns were evident, although their relative distributions were somewhat altered (Table 1; Fig. 3) . Similarly, the average degree of visual-auditory receptive field overlap was just as impressive in the animals with ablation of either AES or rLS as it was in normal control animals (in all cases, the averages were 77-78% and were not statistically different). Representative examples of receptive field overlap are shown in Fig. 4 . Because there were no significant differences in any of the SC multisensory properties examined here in animals with a single cortical region ablated, their data were combined in subsequent analyses.
The absence of a significant impact of ablation of either of these cortical areas individually on the development of SC multisensory neuronal properties is also evident in Fig. 5 . Here the distribution of neurons with different degrees of crossmodal spatial register can be seen to be similar to that found in control animals. However, most pertinent to this discussion is the absence of a change in the most salient functional characteristic of multisensory SC neurons: the ability to synthesize their multiple sensory inputs. Multisensory neurons in AESablated and rLS-ablated animals were as capable of integrating spatially coincident (and spatially disparate) cross-modal stimuli to enhance (or depress) their responses as were normal adults, and similar proportions of neurons in each of these groups exhibited this ability. Furthermore, there were no apparent differences in the magnitudes of multisensory enhancement or multisensory depression among the groups ( Table 2 ). The principal difference between the multisensory data obtained from these animals and normal control animals seemed to be restricted to a decrease in the incidence of multisensory neurons and a concomitant increase in the incidence of unisensory neurons (Fig. 3 ).
D I S C U S S I O N

Neonatal lesions of AES and rLS
CROSS-MODAL RECEPTIVE FIELD REGISTER. Combined ablation of AES and rLS led to strikingly abnormal multisensory development in the SC such that the multisensory capacities of these animals seemed to be fundamentally different from those of normal controls. The most obvious anomaly was that crossmodal receptive field misregister became the rule rather than the exception. This is exceedingly rare in both normal animals (see Stein et al. 2004 ) and in animals reared in abnormal visual environments. In the latter cases, the nonvisual representations generally accommodate to the experience-induced changes in the visual topography in ways that maintain cross-modal map and receptive field alignment (see King et al. 1988; Knudsen and Brainard 1991; Wallace et al. 2004) . These changes were also quite different from those noted during temporary cryogenic deactivation of AES and rLS, which had no effect on the overall register of a neuron's different receptive fields (e.g., see Jiang et al. 2001) .
However, visual-auditory map misregister has been noted in adult ferret SC after neonatal lesions (King et al. 1998 ) and after the neonatal application of N-methyl-D-aspartate (NMDA) receptor antagonists (Schnupp et al. 1995) to the superficial (visual) layers of this structure. These observations indicated that superficial-deep layer visual signaling is critical during early life for both the overall alignment of the visual and auditory maps and the receptive field registration in the multisensory neurons that help form it. The superficial and deep layer visual maps are aligned with one another in adult cats FIG. 9. The probability of multisensory enhancement in SC neurons after neonatal ablation of AES and rLS was greatest when receptive field overlap exceeded 40%. FIG. 10 . A good deal of multisensory depression was preserved in SC neurons after combined neonatal AES and rLS lesions. A: visual and auditory stimuli were spatially disparate, with the visual stimulus within its receptive field and the auditory stimulus outside its receptive field. B: visual stimulus produced reliable responses at each of the 4 stimulus intensities presented, but the auditory stimulus failed to evoke responses. When stimuli were presented in combination, the eccentric auditory stimulus degraded the effectiveness of the visual stimulus at each level of stimulus effectiveness. These data are plotted in C. Note that the proportionate magnitude of the response depression was greatest when visual effectiveness was weakest (D). All conventions are the same as in previous figures. (Meredith and Stein 1990) , so that misalignment of the superficial visual and deep auditory maps would also indicate a misalignment of visual-auditory receptive fields in deep layer multisensory neurons. Indeed, in the few such neurons examined, receptive field misregister was apparent. Thus the normal alignment of visual-auditory receptive fields in adult animals was assumed by King and colleagues to be accomplished either through signals carried directly over superficial to deep interlaminar projections (see Behan and Appell 1992; Doubell et al. 2003; Lee et al. 1997; Meredith and King 2004; Mooney et al. 1992; Moschovakis et al. 1988) or through a relay through the nucleus of the brachium of the inferior colliculus (Schnupp and King 1997) . The ferret and cat brains are very much alike, and there is every reason to expect that the same experimental procedures would produce similar results in cat.
One implication of the findings of King et al. (1998) and Schnupp et al. (1995) is that the interlaminar visual inputs play a unique role in aligning visual and auditory receptive fields. However, these results show that the development of visualauditory receptive field alignment, as well as all other crossmodal receptive field alignments in the SC, depends on cortical inputs. Interlaminar SC inputs were not directly compromised here. While it is possible that disrupting the integrity of superficial laminae in previous experiments somehow compromised the maintenance and/or targeting of cortical afferents to deep layer multisensory neurons, it is also possible that inputs from a variety of afferent sources are required for SC neurons to properly align their cross-modal receptive fields. Furthermore, although it is tempting to link these observations uniquely to disruptions in visual afferents from AES and rLS, the cortico-collicular projections from these areas contain visual, auditory, and somatosensory fibers. Thus it is not yet possible to exclude nonvisual contributions to the maturation of SC cross-modal receptive field alignment and multisensory integration.
Multisensory integration: enhancement
Most significant in the current context is that the lesions induced a failure of SC neurons to develop aligned receptive fields and this was generally accompanied by an inability to properly integrate cross-modal stimuli. The covariance of these two factors was previously noted when two rare examples of visual-auditory receptive field misalignment were encountered in the SC of normal monkeys (see Wallace et al. 1996) . There is no compelling reason to suspect a causal relationship between them, because this study has noted that alignment did not guarantee the ability to exhibit multisensory enhancement (see also Jiang et al. 2001; Wallace et al. 2004 ), misalignments did not preclude this ability (see also Wallace et al. 2002) , and multisensory integration can be eliminated by cortical deactivation without altering cross-modal receptive field register (Jiang et al. 2001) . Nevertheless, the data strongly suggest that both factors can be linked to a common cause: the failure of individual SC neurons to obtain appropriate cortical influences during early postnatal development.
The small proportion of SC neurons that did exhibit multisensory enhancement seemed to have done so as the result of influences from regions spared by the cortical lesion. As might be expected, their cross-modal receptive field register was also somewhat better than their counterparts incapable of multisen-sory enhancement. That the sparing of AES and/or rLS tissue is responsible for the development of multisensory integration in these neurons is suggested by the observation that reversible cryogenic blockade of the lesion site could eliminate this capability. Unfortunately, given the marked geometric reorganization of the cortex, and the difficulty of using cytoarchitectural cues to distinguish rLS and the visual and auditory regions of AES from surrounding tissue in animals with neonatal lesions and the small number of neurons tested with cryogenic deactivation, it is impossible to categorically exclude the possibility that adjacent tissue invaded the lesion site, developed projections to the SC, and became capable of supporting multisensory processes. Similarly, one cannot exclude the possibility that these properties formed independent of cortical influences. Nevertheless, these possibilities seem less likely than does the sparing and subsequent maturation of some AES and/or rLS tissue.
Multisensory integration: depression
The early loss of AES and rLS also degraded multisensory depression, but the incidence of this capacity was reduced by only 13%. The fact that cortical lesions did not degrade multisensory depression as severely as multisensory enhancement is in keeping with data from normal adults. Whereas multisensory enhancement is eliminated in nearly all cases by reversible deactivation of AES and rLS (Jiang et al. 2001) , multisensory depression, albeit of reduced magnitude, can be retained in about one-half the normal number of SC neurons (Jiang and Stein 2003b) . This underscores the difference in the circuitry underlying these two indices of multisensory integration and suggests that the development of multisensory depression was contingent on compensation from tissue other than AES or rLS. Whether this involved changes in the functional organization of other colliculopetal systems, alterations within intrinsic SC circuitry, or both is not yet known. It is also possible, albeit less likely, that spared tissue at the lesion site was more capable of supporting multisensory depression than multisensory enhancement. Thus it is unfortunate that multisensory depression was not examined during cortical deactivation to examine this possibility.
Neonatal lesions of AES or rLS
In contrast to the striking developmental deficits induced by combined AES and rLS removal during early life, the development of SC multisensory properties proved to be minimally affected by neonatal removal of AES or rLS. With the exception of some modest changes in modality convergence patterns, the functional properties of multisensory neurons were very much like those in control animals, a surprising finding given that both AES and rLS are critical for multisensory integration in normal SC neurons (Jiang et al. 2001; Wallace and Stein 1994) . Normally, the loss of influences from either cortex renders large percentages of adult SC neurons incapable of multisensory enhancement: AES affects 78% and rLS affects 45% of the neurons in this way (some are influenced by both areas, see Jiang et al. 2001) . Similarly, the loss of influences from either cortical area alone has nearly the same effect as their combined loss: it eliminates multisensory depression from the majority of SC neurons and degrades its magnitude in the remainder (Jiang and Stein 2003b) . These changes are evident as impairments in the synergistic use of cross-modal cues to guide behavior (Jiang et al. 2002; Wilkinson et al. 1996 ; see also Burnett et al. 2004 ).
Brain plasticity is maximal in early life, a period during which the functional organization of the SC is crafted to accommodate the specifics of the sensory environment (e.g., see Gutfreund and Knudsen 2004; King et al. 2004; Rauschecker 1999; Stein 1984; Stein and Gordon 1981; Wallace et al. 2002) . These observations suggest that this plasticity extends to compensating for the early loss of either of the cortical areas normally essential for SC multisensory integration. Compensation of one cortex for the neonatal loss of another has been observed previously (e.g., see Guido et al. 1990 Guido et al. , 1992 Payne 1999; Spear et al. 1988; Sun et al. 1994) . Presumably, compensation in this case depends on changes in the intact region, through either the retention and functional maturation of exuberant projections or an expansion of its projection to neurons that it does not normally target. Although an expansion of a cortico-collicular projection from suprasylvian cortex has been observed as a consequence of lesions to primary visual cortex (Sun et al. 1994) , thereby lending credence to the idea of an expanded cortico-collicular projection from AES or rLS, it is not possible to exclude the possibility that some spared cortical tissue within the lesioned areas was able to dramatically expand its normal SC target territory. These, of course, are not mutually exclusive possibilities. Although there are a number of other possible explanations involving other SC-projecting regions, the fact that AES and rLS normally are endowed with the capability of underlying this function, and the consequences of their combined loss during early life, make this a parsimonious explanation. Whether this sort of compensatory plasticity is retained into adulthood is not yet known, because studies evaluating the influences of cortex on the multisensory properties of adult SC neurons have all involved short-term reversible deactivation techniques.
In summary, this study shows that AES and rLS influences are essential for the normal maturation of SC multisensory processes. It also shows that there is considerable developmental plasticity in these cortical influences. This finding is in contrast with the absence of compensation for other unisensory functional properties of SC neurons that also depend on descending influences, albeit from other regions of sensory cortex (see Stein and Gallagher 1981; Stein and Magalhães-Castro 1975) . The key differences may be specific to variability in the degree of plasticity in different regions of cortex. However, it may also reflect the inherent flexibility of a system that involves interrelated cortical regions in the same process, so that when one is damaged during early development, the functional target territory of the other is expanded in compensation. When both areas are compromised, the possibility for compensation is lost because the brain is unable to use alternative colliculopetal circuits to develop and maintain this particular capability. These observations emphasize both the functional plasticity and functional specificity of the descending cortical projection systems that are essential for crafting SC multisensory integration and the SC-mediated behaviors that depend on it.
